The ADVANCE Retinal Measurements (AdRem) Study is a large intervention study evaluating the effects of target driven intensive glucose control and placebo controlled blood pressure lowering on retinal vascular changes. AdRem is a sub-study of the ADVANCE Study (Action in Diabetes and Vascular disease), a 2 × 2 factorial randomized controlled trial with an ACE inhibitordiuretic combination (perindopril-indapamide) and a gliclazide MR-based regimen in patients with type 2 diabetes mellitus.
Background and aims
Diabetic retinopathy is a progressive disorder classified according to the presence of various clinical abnormalities. It is the commonest cause of blindness in people aged 30-69 years. When not discovered before vision loss occurs, the disease usually progresses severely, and at that point, laser treatment is rarely effective in restoring vision [1] . Damage to the retina arises from a combination of microvascular leakage and occlusion. Subtle changes of background retinopathy (e.g. small blot hemorrhages and microaneurysms) are easily overlooked by direct fundoscopy and routine ophthalmological examination [2] [3] [4] [5] .
From observational studies and clinical practice it is known that both increased blood glucose or HbA1c levels and increased blood pressure are associated with an increased incidence and progression of retinopathy [6, 7] . In addition to the association between blood pressure and microaneurysms (background retinopathy), increased blood pressure has a direct effect on the retinal arteries, [8] but the more marked changes of the Keith-Wagener-Barker classification [9] are now uncommon since the widespread use of blood pressure lowering treatment. However quantitative assessment of arteriolar and venular changes from retinal photographs can be made, and these have been shown to be associated with hypertension and atherosclerosis in population-based studies [10] [11] [12] . Recent data from analyses of retinal vascular geometry also indicate that abnormalities of retinal vessel branching patterns are associated with cardiovascular risk factors such as hypertension, ageing, low birth weight, diabetes and peripheral vascular disease [13, 14] .
The risk of retinopathy steadily increases with increasing levels of plasma glucose (or HbA1c) and duration of diabetes. Up to 21% of patients with type 2 diabetes have some degree of retinopathy when diabetes is diagnosed, and most develop retinopathy over time [15] . The UKPDS has clearly shown that glucose lowering results in reduced incidence and progression of retinopathy [16] . The number of new retinopathy cases among the UKPDS participants, as well as the number of prevented cases of retinopathy was more than all other endpoints combined [17] . However, in the intervention group of the UKPDS the mean HbA1c after 8 years increased to 8%, which is now considered inadequate glycemic control. Current diabetes treatment guidelines include target values for HbA1c as low as 6.5% in Europe and 7.0% in the United States [18, 19] . However, these targets are not based on direct evidence but on extrapolation of results from observational and intervention studies. It is not known whether a larger reduction of retinopathy than obtained in the UKPDS can be achieved by stricter glycemic control without adverse hypoglycemic side effects.
The potential beneficial effects of blood pressure lowering on retinopathy have been demonstrated in the blood pressure lowering part of UKPDS, and control of blood pressure levels is now well established as an important means of preventing retinopathy in patients with diabetes [20] . The impact of blood pressure reduction is probably greater than that of glucose control, but it is not known if blood pressure lowering has beneficial effects on the incidence and progression of retinal vascular lesions in subjects with type 2 diabetes mellitus without hypertension.
The ADVANCE Study (Action in Diabetes and Vascular Disease) is a major ongoing randomised trial of blood pressure lowering with a fixed low-dose perindopril-indapamide combination and intensive glucose control with a modified-release gliclazide-based regimen among high risk individuals with type 2 diabetes [21] . The main objectives of the AdRem (ADVANCE Retinal Measurements) Study, described in this report, are to determine the effects of blood pressure lowering and intensive glucose lowering on retinal vascular disorders as assessed by retinal photography in participants of ADVANCE. The AdRem Study will provide solid evidence on the balance of risks (notably hypoglycemia) and benefits (reduction of retinal lesions) with blood pressure lowering irrespective of baseline blood pressure and more intensive glucose control than in previous randomised trials.
Specific objectives
The primary objectives of the AdRem study are twofold. Firstly, to investigate if blood pressure lowering by an ACE inhibitor/diuretic combination decreases the incidence and progression of diabetic retinal lesions compared to placebo. Secondly, to investigate if intensive glucose control decreases the incidence and progression of diabetic retinal lesions compared to standard guidelines-based glucose control. The endpoint for both objectives is progression of two or more steps on the modified ETDRS classification [16] .
In addition to the primary objectives, three secondary objectives have been defined. These are, first, to quantify the degree of misclassification of background and proliferative retinopathy and macular oedema diagnosed by fundoscopy, as used in the main ADVANCE study; second, to investigate if blood pressure lowering with an ACE inhibitor/diuretic combination prevents the incidence and progression of retinal vascular lesions and distortion of retinal vascular geometry compared to placebo; and third, to investigate if intensive glucose control prevents the incidence and progression of retinal vascular lesions and distortion of retinal vascular geometry compared to standard glucose control.
Methods

Intervention
ADVANCE is a 2 × 2 factorial, randomised controlled trial in 11140 patients with type 2 diabetes mellitus receiving standard care. The protocol has been published previously [21] . In short, inclusion is not based on glycemic control or blood pressure, but on an elevated risk of vascular disease. This is defined by at least one of a number of risk factors, including longstanding diabetes (≥ 10 years), older age (≥ 65 years), history of cardiovascular disease or diabetes complications, and elevated levels of cardiovascular risk factors. The two primary endpoints are composite measures of macro-and microvascular disorders, respectively [21, 22] . Among all ADVANCE participants, retinopathy is routinely assessed by direct fundoscopy and clinical data, such as laser coagulation treatment, are recorded.
Following a 6-week run-in phase on active blood pressure lowering treatment and usual glucose lowering treatment, eligible participants were randomly assigned in a 2 × 2 factorial design to one of four treatment combinations. The two randomized comparisons are a double-blind comparison of blood pressure lowering versus placebo and an open comparison of intensive glucose lowering therapy targeting an HbA1c of 6.5% or less versus standard guidelines-based glucose lowering. The blood pressure treatment is a fixed low-dose combination of perindopril (2-4 mg) and indapamide (0.625-1.25 mg). For patients in whom an ACE-inhibitor is indicated, background perindopril (open label, 2 or 4 mg) is provided. There is no restriction in prescribing other blood pressure lowering medication if deemed necessary by the treating physician. Intensive glucose control starts with a long-acting sulphonylurea (gliclazide MR 30-120 mg), to which other oral glucose lowering agents and insulin may be added to reach the HbA1c of 6.5% or less, at the discretion of the treating physician. It is important to realize that ADVANCE is a pragmatic study that recognizes variations in standard care.
Randomization is stratified by study center, history of macro-or microvascular disease and background use of perindopril at baseline. The scheduled average follow-up is 5.5 years and final results of the main ADVANCE study are anticipated to be available in 2007 [21, 22] .
Participants
AdRem is conducted in patients that have been randomized in the ADVANCE trial in a selected number of study centers with access to retinal cameras. In addition to the inclusion and exclusion criteria of ADVANCE, patients who had a previous ophthalmologic intervention procedure in one or both eyes that might interfere with retinal circulation (such as laser coagulation treatment and vitrectomy) were excluded from AdRem. Patients were also excluded if it was unlikely that good quality stereo photographs could be taken, for example due to the presence of severe cataract or pupils that did not dilate at least 4 mm. At each AdRem study center all ADVANCE patients were eligible for the AdRem sub-study.
Photography
Photographs are taken with 35 mm high quality color films (Kodak EPR64 135-36). These are provided by the AdRem Substudy Coordination Center, where a large quantity of a single batch is stored at − 20°C until required. Retinal cameras with an angle between 30°and 35°and 2.5× magnification, without special stereo equipment, are used.
Stereoscopic photographs are made of both left and right eyes, according to the seven-standard fields ETDRS protocol [23] . The seven fields include one centered on the optic disc, one centered on the macula, one temporal to the macula, two superior and two inferior fields (Fig. 1 ).
The first (baseline) retinal photographs were preferably made within 3 months following the ADVANCE randomization visit. For these patients follow-up photographs are to be made at the ADVANCE two-year (biennial) visit. In patients who had their first photographs taken more than 3 months following the ADVANCE randomization visit no biennial photographs are made during follow-up, but follow-up photographs will be made at the final ADVANCE visit in all those with initial photographs.
If a patient has to undergo an ophthalmologic intervention procedure (e.g. laser coagulation), where possible followup photography is performed prior to this intervention. Follow-up photography of the opposite eye is performed if a patient has had an intervention procedure in one eye only.
Film processing and digitizing
All films are processed at an approved central laboratory, using Fuji process E-6 chemicals. Immediately after processing the films are digitized on a Fuji scanner SP 2000 (Japan) with a resolution of 20.3 × 27.3 cm 300 dpi (3259 × 2432 pixels). No colour or size adjustments are made during the scanning process. Films are stored after digitizing. All procedures of the AdRem study (notably quality control and grading) are performed on digitised images.
Study organization
The AdRem study is being performed in 39 ADVANCE centers. Retinal photographs are made in 30 centers, 9 refer their patients to another ADVANCE study center in the same city. These centers are located in 14 countries: Australia, Canada, China, Estonia, France, Germany, India, Ireland, Malaysia, Netherlands, Philippines, Poland, Slovakia, and United Kingdom. The AdRem Coordinating center, located in the Netherlands, provides the films to the LCC, and takes care of central film processing, digitizing, and grading of the images.
Each participating center stores the exposed film in a refrigerator without processing before sending it in batches of 10 films to the AdRem Coordination Center. After arrival of the films, they are processed and digitized, and within 3 weeks the quality of the images is assessed. This allows the centers to retake the photographs in those patients who initially had inadequate images. The procedure is summarized in Fig. 2. 
Feedback to clinical centers
Apart from the quality aspects, the images are evaluated for lesions that may require immediate intervention within 3 weeks after arrival at the AdRem Coordination Center. If present, such lesions are reported to the center by the AdRem ophthalmologist.
Participating centers receive digital copies of the photographs of their patients for clinical use. These include the (non-stereoscopic) fields 1 and 2 from both the right and left eye. 
Grading of the photographs
Three different protocols are used to grade the photographs in the AdRem study: diabetic lesions (ETDRS protocol), [16] vascular lesions (ARIC protocol), [10] and vascular geometry (Imperial College London protocol) [14] .
Diabetic lesions
The classification system for diabetic retinal lesions currently used in most clinical trials is that derived from the Early Treatment of Diabetic Retinopathy Study (ETDRS) [23] . The ETDRS classification was slightly modified in the UKPDS study, and this modified classification is used in the AdRem study (Table 1) [16] . Each field is graded separately, with a few additional items graded in the central fields only. Detected lesions are graded in comparison with the ETDRS final scale standard photographs. The worst eye (having the highest score on the ETDRS scale) is used in the analyses. Follow-up photographs are graded independent of the previous photographs taken of the same participant. The primary endpoint for diabetic lesions is a two-step progression on this modified ETDRS scale.
Vascular lesions
The third examination of the Atherosclerosis Risk in Communities Study (ARIC) included a retinal photograph of one eye to assess vascular lesions. At the University of Wisconsin-Madison Fundus Photograph Reading Center a protocol was developed to quantitatively assess retinal arterial and venous characteristics [10] . This grading system is based on the central retinal fields only. It includes the semi-quantitatively assessment of a number of vascular changes (Table 2 ) and a standardized measurement of arterial and venous diameters at a distance of two disc diameters from the optic disc [10] .
In AdRem the vascular diameters are measured according to the ARIC protocol using the Vascul-O-Matic 3.1 Vessel Measurement Software (University of Wisconsin, Madison, WI). Average retinal and venular diameters (central retinal arteriolar and venular equivalent, CRAE and CRVE respectively) are calculated using the improved Parr-Hubbard formula [24, 25] . The arteriovenous ratio (AVR) will be calculated as the ratio of CRAE over CRVE. Because it has been shown that these measurements in both eyes are highly correlated, they are performed in the left eye only [26] . Vessel width is measured across a total of five parallel cross-sections, two either side of that selected by the user, with each cross-section being two pixels away from its neighbour. The median of the five measured diameters is taken as the diameter for that vessel. Moreover, vascular characteristics (Table 2) are assessed in all seven fields. The primary endpoint for vascular lesions is the incidence of one or more vascular changes.
Vascular geometry
The retinal vascular geometry measurements are made by operator-directed image analysis using custom-written software [27] . The parameters of interest are measured on arterioles and venules and relate to the branching pattern of the vascular tree.
These include:
• branching angles defined as the internal angle between the daughter vessels arising from a parent stem • junction exponent (x) defined by the relationship d 0
, where d 0 and d 1 , d 2 are the diameters of the parent and daughter vessels respectively • length-diameter ratio defined as the inter-branch vessel length divided by the respective diameter • tortuosity index defined as the inter-branch path length divided by the straight-line distance between the respective branch points.
These are dimensionless parameters which are largely unaffected by variation in refractive properties of the eye. Vessel lengths are measured using a segmentation tracking algorithm [28] . The most complex aspect of measurement involves a 'sliding linear regression filter' used to determine vessel edges from the image intensity profile. The process is reproducible and it is robust against noise, the presence of a central light reflex and wide variation in image quality [27] .
Quality control
The AdRem study is conducted in a large number of study centers located in 14 countries in all continents. Moreover, because the photographs are made on film, the result becomes apparent only after processing. These two issues require a strict quality control procedure that covers both the taking of the photographs and the grading of the images. 
Quality assurance of photographs
All photographers participating in AdRem have to be certified for taking seven-field stereoscopic retinal photographs. Certification in another study using stereoscopic retinal photographs within the last 5 years is accepted. Photographers who have not been certified must provide retinal photographs according to the AdRem procedures from two patients. If the quality of all four eyes on the certification films is sufficient to allow grading (Table 3) , the photographer is certified.
Within 3 weeks after arrival of the films at the AdRem Substudy Coordination Center the quality of the photographs is assessed. The minimal criteria are based on those characteristics that are important for the grading of diabetic retinal lesions (Table 3) . If the quality of both eyes is insufficient, the study center is asked to take the photographs again. If a certified photographer consistently fails to meet the minimal quality criteria or consistently provides borderline quality photographs, certification is suspended.
Quality control of grading procedure
The grading procedure (both diabetic retinal lesions and vascular geometry) includes an assessment by two independent readers, who are blind to the intervention. If the score of a participant differs between readers, the images are discussed at a consensus meeting with both readers and an experienced ophthalmologist. In addition, in a random sample of 10% of the patients the retinal photographs will also be graded at the UKPDS Retinopathy Grading Center, London [16] .
Statistical analyses
Sample size
The UKPDS is the only intervention study of sufficient size to estimate the effects of glucose and blood pressure lowering on retinopathy in mainly European patients. During the first 6 years of UKPDS, 23.0% of those in the intensive glucose control group suffered progression of retinopathy, compared to 27.8% in the conventional treatment arm [17] .
Because UKPDS was limited to newly diagnosed patients, and because the difference in HbA1c after 5 years was only 0.8%, we expect a greater reduction of retinopathy in the ADVANCE trial. We assume that the event rate in the conventional treatment group will be the same as in the conventional treatment group of the UKPDS (27.8% after 6 years). Because participants in ADVANCE have a longer duration of diabetes, this is likely to be an underestimation. With two groups of 900 patients and 85% power, it should be possible to find a difference of 6.2% in the event rate between the two groups (alpha = 0.05). So, we expect that less than 21.6% of the participants in the intensive glucose control group will develop retinopathy, which is about 5% lower compared with the 23.0% reported in the intensive arm of UKPDS [17] . To account for the shorter follow-up compared to UKPDS, drop-out, and loss to follow up during the intervention period the aim was to include 2000 patients in AdRem.
It should be noted that the blood pressure intervention part of UKPDS resulted in a larger difference in retinopathy progression compared to the glucose intervention. After 4.5 years of intervention, in those patients allocated to tight Table 3 Minimum quality requirements for retinal photographs in the AdRem study Quality requirements 1. Focus and exposure are sufficient when microaneurysms are potentially detectable. 2. Gradable photographs are defined as at least gradable for large retina details (e.g. main vessels). 3. Stereoscopic effect is sufficient when retinal vessels appear above the retinal pigment epithelium. Quality criteria -Requirement 1 has to be achieved in fields 1, 2 and 3 for both images of each stereo-pair.
-Requirement 1 has to be achieved in at least 2 of the fields 4, 5, 6 and 7 for at least one image of each stereo-pair.
-Requirement 2 has not to be achieved in both fields of the following pairs: fields 4 and 5 or fields 4 and 7 or fields 5 and 6.
-Requirement 3 has to be achieved in at least field 1 and 2. All four criteria have to be fulfilled before an eye can be graded. blood pressure control 27.5% showed progression, compared to 36.7% in those with less tight control [20] . However, these were hypertensive patients, and the reduction in blood pressure in the ADVANCE study is expected to be smaller.
Data analysis
The primary endpoints of the AdRem study are progression of diabetic retinopathy (two steps on the modified ETDRS scale) and changes in retinal vascular pattern between baseline, 2 and 4.5 years of intervention. Tests will be performed separately for the effects of blood pressure lowering and glucose control. The primary tests will be for the main effect of one intervention (blood pressure lowering or glucose control), adjusted for the other intervention (glucose control or blood pressure lowering). Differences in follow-up time are handled by using survival analysis adjustments.
Exploratory analyses will be performed to investigate the combined effects of blood pressure lowering and glucose control, but the sample size of AdRem is probably too small to draw definite conclusions.
Analyses will be based on intention-to-treat, which will include all randomized subjects, except those who have taken no trial medication at all. Interim analyses are not planned. All analyses will be done with a two-sided level of significance of 0.05.
Sensitivity analyses
Not all patients included at baseline will have a follow-up photograph at the end of the study. In secondary analyses missing results will be estimated from baseline results and available follow-up data, notably obtained during the clinical visits of the main ADVANCE study. Using the estimated follow-up results in those patients with missing data, the statistical analyses will be repeated to evaluate the potentially improved statistical significance.
Results
In total 1978 patients have been included in AdRem. The initial aim was to include all eligible patients within 3 months of randomization, but because AdRem only started when about half the participants had already been randomized in the main ADVANCE study, this was achieved in approximately 75% of the AdRem patients.
The strict requirements for quality control (Table 3) were met in approximately 80% of the participants. Due to logistic problems at the participating centers, it was not possible to repeat the photography in all patients with insufficient images. In the final set of 1978 patients, the quality of 83.9% of the photographs was acceptable according to the predefined quality requirements. This percentage differed between the five ADVANCE regions: Australasia 64.5%, Canada 97.1%, China 78.6%, Europe Continental 88.3%, Europe Northern 91.1%. Follow-up photography will be performed in all 1978 included patients.
Discussion
Other intervention studies
The UKPDS was restricted to newly diagnosed patients. Therefore, diabetes in patients participating in the AdRem Study will be of longer standing and consequently associated with more severe retinal disease. Moreover, glycemic control in the intensive glucose group of the ADVANCE study is intended to be stricter than achieved in UKPDS. This allows us to investigate whether the incidence of retinopathy has a linear relationship with glycemic control up to current treatment recommendations (HbA1c b6.5%). Blood pressure lowering is studied over a wide range of blood pressure levels, whereas in the UKPDS only selected patients with hypertension were randomized into normal and strict blood pressure control. Therefore the AdRem Study will provide evidence on the balance of risks and benefits of more intensive blood pressure and glucose lowering compared to previously available data.
To our knowledge, only two other large-scale retinal photography intervention studies are currently underway in patients with diabetes type 2. The first is DIRECT (DIabetic REtinopathy Candesartan Trial), which will include 1600 such patients. However, this study is limited to the effects of blood pressure reduction only [29, 30] . The recently started ACCORD trial (Action to Control Cardiovascular Risk in Diabetes) in the United States is quite similar to ADVANCE: a factorial design with strict glucose lowering and blood pressure reduction in relatively unselected patients with type 2 diabetes mellitus. ACCORD also includes a lipid lowering comparison [31] . The ACCORD-Eye substudy is very similar to the AdRem Study with an intended sample size of 4065. The main differences are lack of intermediate follow-up photographs and a stricter primary endpoint (3 steps on the ETDRS classification).
Compared to UKPDS the AdRem study has a shorter follow-up period, which is compensated by a more detailed photography protocol that allows identification of retinal lesions at an earlier stage. In spite of the strict quality control procedures, inclusion of centres in many different countries will probably result in somewhat reduced data quality compared to UKPDS and ACCORD. AdRem, DIRECT and ACCORD use the same photography technique and the same classification for grading of the images. This will enable pooling of the data to investigate associations in subgroups.
Only a few studies have been published on the effects of gliclazide and perindopril on the incidence and progression of retinopathy. In the previous decade gliclazide was compared to other sulfonylureas in a number of small clinical studies. The results were not conclusive, but indicated that gliclazide, while achieving the same glucose control, may have superior effects in the prevention or retardation of diabetic retinopathy [32, 33] . ACE inhibition has been shown to be beneficial in diabetic retinopathy, probably because of a distinct renin-angiotensin system in the eye [34, 35] .
Retinal photography
The AdRem study is based on stereoscopic seven-field photography of both eyes. This procedure is considered the reference standard for diagnosing diabetic retinopathy in randomized clinical trials [36] . The UKPDS was limited to three photographic fields. It is evident that retinal photography is superior to fundoscopy for detection of small retinal lesions and observation of changes over time. [4] Stereoscopic images are required to accurately diagnose macular edema, which is limited by all techniques using non-stereo retinal imaging [37] .
Several studies have evaluated alternative photographic strategies to seven-field photographs for evaluating diabetic retinopathy, including retinal imaging through a non-dilated pupil, or using either one to three photographs taken at 30°, 45°, or 60°. The results of these studies confirm that the procedure with seven field photographs is superior [38] .
Until now vascular measurements have been limited to 45°photographs centered on the macula [10] . By this approach peripheral lesions cannot be detected, whereas early lesions probably often occur first at the outer regions.
For screening purposes simpler methods than seven-field photography are regarded sufficient to identify patients with vision-threatening lesions that require intervention [38] . As a result, screening for retinal lesions currently occurs more often with simpler techniques, including the use of low-resolution digital cameras, using one field only and without pupil dilation. Therefore, routinely acquired clinical photographs are usually unsuitable to investigate subtle changes over time.
In conclusion, the AdRem Study should provide clear answers to current questions on the prevention of microvascular diabetes complications in patients with diabetes mellitus type 2, notably the balance of risks and benefits of more intensive blood pressure and glucose lowering. The large number of patients, the extensive photography protocol and the central digital image processing will make the study a valuable resource to investigate other questions related to retinal lesions in patients with diabetes.
